The essential oil (EO) of Cistus ladaniferus was separated into non polar, moderately polar and polar fractions by column chromatography. The EO and its fractions were analysed by gas chromatography in combination with retention indices [GC-(RI)] and 13 C nuclear magnetic resonance ( 13 C NMR) spectroscopy. A minimum inhibitory concentration (MIC) assay was used to evaluate their antibacterial activity against Gram-positive and Gram-negative pathogens of clinical relevance, including a multi-drug resistant (MDR) strain. The most polar fraction, constituted by mono-and sesquiterpene alcohols, strongly inhibited the growth of all tested bacteria with MIC values ranging from 0.05 to 0.8 mg/mL. More importantly, this fraction displayed high activity against the MDR strain of Enterobacter aerogenes EA289. Transmission electron microscopy (TEM) observations of the MDR bacteria treated with the terpene alcohol-rich fraction revealed cell wall distortion with an outer cytoplasmic membrane detachment. The susceptibility of the MDR strain of E. aerogenes EA289 to the polar fraction of C. ladaniferus oil suggests the possible use of these natural products to treat infections caused by highly resistant bacteria.
The constant use of antibiotics in the hospital environment has selected bacterial populations that are resistant to many antibiotics. Among some of the most clinically relevant pathogens, Enterobacter aerogenes ranks as one of the most difficult to eradicate from intensive care units. E. aerogenes is a commensal organism that is commonly cited as being the leading cause of nosocomial respiratory and urinary tract infections [1] . The spectacular adaptive capacity of this Gram-negative pathogen has led to an increasing spread of lineages that acquired resistance to the majority of available antibiotics. The rapid dissemination of MDR E. aerogenes poses major challenges to the management of infectious diseases, particularly with the paucity of new drugs with activity against these bacterial strains. To face the global rise of bacterial resistance, the search for new antibacterial agents has become indispensable.
Recently, there has been a growing interest in natural products due to their availability, fewer side effects or toxicity, as well as better biodegradability, as compared with the conventional antibiotics. Many drugs, for example, morphine, quinine and taxol, have been isolated from plants, which remain an important resource of novel therapeutics. Plant essential oils are mixtures of naturally occurring substances showing various biological activities. They are known to display activity against a wide range of Gram-positive and Gram-negative bacteria, including antibiotic resistant species [2] .
Cistus ladaniferus (Cistaceae) is an odorous shrub, up to 2 m high, widespread all around the occidental Mediterranean Sea (Portugal, Spain, southern France, Italy, Algeria, Morocco). It exudes an oleoresin (labdanum) with an amber-like scent, appreciated in flavour and fragrance industries. The composition of the essential oil isolated from either the aerial parts (C. ladaniferus oil) or from oleoresin (labdanum oil) has been substantially investigated and the various reports on this topic have been reviewed by Lawrence [3] . C. ladaniferus essential oil is extremely complex, as illustrated by the work of Weyersthal et al., [4] , who identified 186 compounds in a labdanum oil sample from southern France. Concerning essential oils of plants cultivated in Corsica, the chemical composition have been reported by Mariotti et al., [5] . The composition of oil samples isolated from individual plants varied substantially from sample to sample: α-pinene (2.1-47.4%), camphene (0.6-11.1%), trans-pinocarveol (4.4-10.9%), viridiflorol (4.4-22.6%), ledol (1.5-6.7%). Little is known about the biological activities of Cistus essential oils. It has been reported that C. parviflorus, C. monspeliensis and C. salviifolius oils exhibited antimicrobial activity [6, 7] .
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In a previous study, we observed that C. ladaniferus oil was able to inhibit the growth of the Gram-positive human pathogen Staphylococcus aureus [8] . Interestingly, none of the compounds of our essential oil was described as antibacterial against S. aureus. The aim of the present contribution was to go further into the identification of the oil constituents involved in this activity and to extend our analysis to other Gram-positive and Gram-negative bacteria, including a MDR strain. For that purpose, the antibacterial activity of C. ladaniferus essential oil and its fractions was assessed by determining their MICs and provided insights into their effects at the cellular level.
Due to its complexity, admitted by most authors and perfectly illustrated by Weyersthal et al. [4] , the analysis of C. ladaniferus essential oil has been performed by a combination of GC (RI) and 13 C NMR, following a methodology that proved efficient with complex essential oils [9, 10] . The identified compounds of C. ladaniferus oil and chromatographic fractions are indicated in Table 1 . The composition of that oil is largely dominated by αpinene, which accounted for more than half of the whole oil. The monoterpenes, camphene and p-cymene, and the sequiterpene hydrocarbons, allo-aromadendrene, and ledene, are present in appreciable contents. Among oxygenated components, the sesquiterpenols viridiflorol and ledol were predominant, accompagnied by the monoterpenes trans-pinocarveol and bornyl acetate.
The MICs determined for C. ladaniferus oil and its fractions are presented in Table 2 . Crude essential oil exhibited antibacterial activity against all tested strains. Growth inhibition was, however, more moderate for Gramnegative bacteria. With a MIC value of 0.2 mg/mL, the Gram-positive S. aureus strain was the most susceptible to the essential oil. Since α-pinene, the major component of the oil, is known to be weakly active [11] , the involvement of less abundant constituents in the antibacterial effect should be considered. Therefore, the essential oil was separated into non polar (hydrocarbons, FH) and polar (oxygenated compounds, FO) fractions. In order to obtain more information on the class of compounds that induced the antibacterial activity, FO was in turn submitted to chromatography and separated into FO A containing moderately polar compounds (aldehydes, ketones, esters and oxides) and FO B characterized by the occurrence of more polar components (terpene alcohols). It was first verified by acid-basic partition that the acidic fraction was negligible.
The three fractions FH, FO A and FO B , as well as the whole oxygenated fraction FO (Table 2) , were tested against the six bacteria. The fraction FH, containing hydrocarbons, Order of elution and percentages of individual components are given based on apolar column (BP-1), except those whose names are given with an asterisk *: percentage on polar column (BP-20). RIa, RIp: indices of retention on apolar and polar column, respectively. 2,2,6 TMC = 2,2,6trimethylcyclohexanone, A-aromadendrene = Allo-aromadendrene. all the tested strains, including Gram-negative bacteria. It is commonly known that Gram-negative bacteria are less susceptible to plant extracts than Gram-positive bacteria, and this is directly connected to the bacterial cell wall structure [12] . The outer membrane surrounding the Gramnegative cell wall restricts diffusion of hydrophobic compounds through its lipopolysaccharide covering, thus reducing the inner plasmic membrane permeability [13] . This ultrastructural specificity gives to Gram-negative bacteria an intrinsic resistance to most antibacterial compounds. Terpene alcohols from C. ladaniferus oil seem to circumvent this resistance as they display remarkable activity (MIC = 0.8 mg/mL) against the MDR E. aerogenes EA289 strain. As supported by our TEM observations, their effects occur on the outer membrane, which becoming detached from the inner cytoplasmic membrane (Figure 1b ). These changes alter the cell wall structure, which appears crumbled.
Taken together, our findings suggest that terpene alcohols from C. ladaniferus oil are a source of molecules with a broad spectrum of antibacterial activities, especially against multi-drug resistant Gram-negative bacteria. The relative proportions of the essential oil constituents were expressed as percentage obtained by peak area normalization, without using correcting factors.
Experimental

Bacterial strains and growth conditions:
13
C NMR spectroscopy: All NMR spectra were recorded on a Bruker Avance 400 Fourier Transform spectrometer, equipped with a 5 mm probe, in deuterated chloroform, with all shifts referred to internal tetramethylsilane (TMS). 13 C NMR spectra of EO and chromatographic fractions were recorded with the following parameters: pulse width = 4 µs (flip angle 45°); acquisition time = 2.7 s for 128K data table with a spectral width of 25 000 Hz (250 ppm); digital resolution = 0.183 Hz/pt. The number of accumulated scans was 3 000 for each sample (around 40-50 mg of the sample in 0.5 mL of CDCl 3 ).
Component identification:
Identification of the individual components was based: i) on comparison of their GC retention indices (RI) on apolar and polar columns, with those of authentic compounds. Retention indices (RI) were determined relative to the retention times of a series of nalkanes with linear interpolation ("Target Compounds" software from Perkin Elmer); ii) by comparison of the signals in the 13 C NMR spectra of the mixtures with those of reference spectra compiled in the laboratory spectral library, with the help of a laboratory-made software and following an experimental procedure checked and developed in our laboratories [5, 9, 10] . Observation of the
